Abstract: Similarity in species composition among different areas plays an essential task in biodiversity management and conservation since it allows the identification of those environmental gradients that functionally operate in determining variation in species composition across spatial scale. The decay of compositional similarity with increasing spatial or environmental distance derives from: 1) the presence of spatial constraints which create a physical separation among habitats, or 2) the decrease in environmental similarity with increasing distance. Even if the distance decay of compositional similarity represents a well known pattern characterising all types of biological communities, few attempts were made to examine this pattern at small spatial scales with respect to both grain and extent. Aim of this work was to test whether the distance decay of similarity 1) can be observed at a local scale in situations where environmental conditions are relatively homogeneous and ecological barriers are absent, and 2) is dependent on the grain size at which plant community data are recorded. We selected two urban brownfields . Both plant species composition and soil variables were recorded in each cell. Linear and logarithmic least squares regression models were applied in order to examine the decay of similarity due to spatial distance (calculated as the Euclidean distance among pairs of plots) and environmental distance (calculated as the Euclidean distance among PCA-transformed soil variables). A general lack of distance decay was observed, irrespective of the type of distance (spatial or environmental) or the grain size. We argue that this is probably due to a random variation both of the important environmental parameters and of the local distribution patterns of individual species, the latter mainly caused by the high dispersal abilities of the majority of species occurring in the brownfields.
Introduction
Spatial scale has long been recognised to strongly affect species diversity (Arrhenius 1921 , Gleason 1922 , Connor and McCoy 1979 , Palmer and White 1994 , Scheiner 2003 , Podani and Csontos 2006 . Ecological processes shaping diversity can be expressed at a certain scale being hidden at another, and they can also act at multiple spatial scales, leading to the pressing need of developing multi-scale sampling procedures like those proposed by Reed et al. (1993) , Stohlgren et al. (1995) , Chiarucci et al. (2001) , Baffetta et al. (2007) , Kalkhan et al. (2007) or Chiarucci et al. (2008) . One measure of biodiversity strongly affected by spatial scale is species richness (Arrhenius 1921 , Gleason 1922 , Gaston 1996 .
It is well-known that spatial scale is characterised by two main components: grain and extent. The first one is related to the dimension of sampling units (Scheiner et al. 2000 , Dungan et al. 2002 , while the second is represented by the extension of the study area (Wiens 1989) . When aiming at sampling species information, it must be kept in mind that the number of species in a sample is influenced by both grain and extent (Wiens 1989 , Palmer and White 1994 , Dungan et al. 2002 . Moreover, given the same data, analysing them at different grain and extent is likely to lead to different results (Stohlgren et al. 1997) . Thus, any kind of statistical inference is restricted to particular scales of analysis White 1994, Bacaro et al. 2011 ).
Another core measure of diversity is represented by the degree of species turnover from one location to another, namely beta-diversity (Whittaker 1972) . For biodiversity as-sessment and conservation, the concept of beta-diversity plays a key role, since it adds to the simpler concept of alphadiversity (i.e., the number of species in a site) by introducing the spatial variation in species composition (Margules and Pressey 2000) . Recently, another way of looking at beta-diversity is to consider the distribution of plot-to-plot dissimilarities within a vegetation sample instead of using a single index (Tóthmérész 1998 , Legendre et al. 2005 , Ricotta and Bacaro 2010 . When the distribution of plot-to-plot similarity is related to a measure of spatial or environmental distance, we expect to observe a decay of compositional similarity with increasing distance between plots, known as the first law of geography ("Everything is related to everything else, but near things are more related than distant things", Tobler 1970 , Bjorholm et al. 2008 ). This law drives distance decay patterns at both global and local scales (Palmer 1995 , Nekola and White 1999 , Palmer 2005 , Soininen et al. 2007b ).
The decay of similarity in species composition may principally arise from: (i) a decrease in environmental similarity with distance (niche difference model); (ii) a spatial configuration creating spatial barriers among habitats (isolation) that influence species and gene movement across landscapes (Nekola and White 1999) . Moreover, Hubbell's neutral theory (Hubbell 2001) predicts the decay of similarity with respect to distance only because of random dispersal and ecological drift (see also Tuomisto et al. 2003a , Soininen et al. 2007a ).
Since different environmental factors operate at different spatial scales, patterns of distance decay should depend on the grain size at which they are analysed (Steinitz et al. 2006) . Similarly, extent is expected to influence the pattern of observed distance decay, since increasing extent should result in i) a higher habitat heterogeneity and ii) a higher probability to include geographical barriers in the considered area.
Efforts were made to demonstrate the effects of spatial distance on the similarity in species composition at relatively large scales, such as floras (Nekola and White 1999 , Phillips et al. 2003 , La Sorte and McKinney 2007 . Moreover, existing studies used pronounced gradients in order to capture maximum compositional variation between plots across the considered distance. Conversely, few attempts were made to demonstrate distance decay patterns for small grain sizes and extents, or for relative homogeneous environments. The aim of this paper was to test whether distance decay in plot similarity can be detected in relatively small plots over very short spatial and environmental distances. As a test system, we examined an urban brownfield characterized by a high proportion of pioneer and ruderal species with a well-developed dispersal ability.
Materials and methods

Study area, sampling design and sampled data
During the summer of 2007, two 20 m  40 m areas were selected in an urban brownfield at the Campus of the University of Bremen (North-Western Germany). The two fields were about 100 m apart from each other divided by a path, and were placed as to not include areas recently affected by man. Disturbance included light grazing by rabbits and occasional human trampling. The soil consisted of a sandy substrate deposited during the building of the University area more than 30 years ago. The site is characterized by sparse vegetation with many annuals and grasses, dominated by species such as Festuca ovina, F. rubra, Holcus lanatus and Rumex acetosella. The presence of vascular plant species was recorded for each of the quadrats described above. Moreover, species cover was visually assessed and quantitatively estimated by using the classical Braun-Blanquet cover-abundance scale (Westhoff and Van der Maarel 1978) . Plant species that were difficult to identify in the field were taken to the laboratory for later determination.
Soil parameters were measured for each field in the centre of alternate modules (starting from the first one located in the north-west corner of the whole area) for a total of 25 
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Absence of distance decay in homogeneous brownfieldsquadrats for each plot dimension, resulting in a total of 200 soil samples. Only topsoil was collected with metal cylinders (5 cm deep and with a diameter of ca. 5 cm, giving a soil volume of 100 cm 3 ), because previous analyses had shown that lower soil horizons consisted almost completely of pure sand being devoid of any humus particles and nutrients. Only one sample was taken per plot for each spatial scale, always in the middle of the plot (see Figure 1) . The soils were then air dried for two days and sifted using a 2 mm sieve and homogenised for chemical analysis. The following variables were measured: 1) Soil moisture content was determined as the amount of available water in % in each soil sample and measured directly in the field by using a Moisture Meter (HH2 type, Delta-T-Devices Ltd) with a Theta Probe sensor, type ML2x. All measurements were carried out on one day after several days of dry weather.
2) Carbon (C) and Nitrogen (N) content were determined in % using an elemental analyser (CN elemental analyzerEuroEA 3000. HEKAtech GmbH, Wegberg). The values for the two elements were then used to determine the C/N ratio.
3) Soil pH was measured in a solution of 10 g of soil and 25 ml of 0.01M CaCl 2 with a standard electrode.
Among the 50 plots (200 samples) for which soil parameters were determined, 5 samples collected in Field 1 showed values strongly deviating from those of the other plots, most likely caused by some kind of disturbance. These were treated as outliers and excluded from further analyses.
Data analyses
In order to explore patterns of compositional similarity for the two areas, different types of statistical analyses were performed. First, we carried out exploratory Detrended Correspondence Analyses (DCA) on plant species composition to describe the degree of beta diversity in the two study areas in terms of standard deviation units.
Second, the similarity in species composition was quantified by using the Jaccard index (Legendre and Legendre 1998, Koleff et al. 2003) , which is suitable for presence-absence data. Quantitatively, this index is expressed for two plots A and B as:
where a = number of species in common to both plots; b = number of species exclusive for plot A; c = number of species exclusive for plot B. This index determines the proportion of species shared by a pair of sites out of the total number of species present in these sites (see Jaccard 1912 , Magurran 1988 , Southwood and Henderson 2000 , Koleff et al. 2003 ).
Jaccard similarity matrices (for each field and plot dimension) were related to two predictive variables, namely spatial and environmental distance. The first matrix included plot-to-plot spatial distances based on the geographical coordinates of the site corners (north-west), measured by using the classical Euclidean distance (Podani 1989 , Banerjee 2005 . Since the two areas were found to have somewhat different habitat conditions and were spatially isolated, the relationship between biological similarity and spatial distance was explored separately for Field 1 and Field 2.
With respect to environmental distance, we merged the variation of the different environmental soil variables into a Principal Component Analysis (PCA, see Legendre and Legendre 1998) . The coordinates of plots derived from the PCAs were included in the analyses as new environmental variables, and the PCA axes were interpreted examining their correlation with the original variables. Once the new variables were extracted from PCA, the plot-to-plot environmental distance matrices were calculated using the Euclidean metric (only the first two PCA axes were considered). These matrices were used as explanatory variables for the analyses at all spatial scales (0.25 m Simple linear models were applied to test the predictive value of spatial and environmental distances with respect to plot compositional similarity. Furthermore, negative exponential models were fitted and compared with the linear models, looking for the best model fit. Explicitly, the exponential decay in species compositional similarity was described as:
where S = similarity at distance d; S 0 = initial similarity or similarity at distance 0; m = decay rate. We estimated the non-linear model transformed into its linear form by taking natural logarithms of S for S > 0 and of 0.00001 for S = 0 (see Machado and Santos Silva 2005) .
The statistical significance of the relationships between compositional similarity and the two types of distances (spatial and environmental) was tested using Mantel correlations (for both linear and negative exponential models). P values were calculated using Monte Carlo randomizations (999 runs) of the response matrix (species similarity matrix). All the analyses were carried out by using the R-package "vegan" by Oksanen et al. (2011) . All the above mentioned analyses were repeated using the Bray-Curtis similarity coefficients (Bray and Curtis, 1957) for cover-based log-transformed vegetation data.
Results
Both fields were characterized by the same set of dominant species (Table 1) : the highest frequencies were shown by grasses (e.g., Agrostis capillaris, Festuca rubra, Holcus lanatus) and perennial species of the Asteraceae (Achillea millefolium, Erigeron acris, Hypochaeris radicata) and other families (Oenothera biennis, Plantago lanceolata). Annuals were more common in Field 2 (Erophila verna, Vicia hirsuta).
The two sampled areas showed consistent differences in mean soil parameters (see Table 2 ): Field 1 (F1) had a more acid soil with lower C and N contents than Field 2 (F2). F1 also showed higher C/N ratios and lower soil moisture con-38
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tents. As expected, species richness monotonically increased with spatial scale; on average F2 hosted more species than F1, at any given spatial scale ( Table 2) . Values of beta diversity measured by means of the first four DCA axes showed differences between the two areas (with a maximum gradient length in F1 at 1 m 2 grain size and a minimum reached in the same field at 4 m 2 dimension, see Table 3 ).
The relationship between spatial distance and compositional similarity showed a slope approaching zero at all the four plot dimensions analysed, indicating the absence of any distance decay (Table 4 and Figure 2 ). In accordance, the amount of explained variance (measured by the R 2 coefficient) did not increase with increasing grain size (P-values always > 0.05). ) was calculated between the Jaccard similarity and spatial distance for all pair-wise combinations of plots, separately for the two study areas. P-values were calculated by using Mantel tests (999 runs) on the two plot-plot matrices and expressed as the proportion of lower than observed randomised regression coefficients.
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The first two PCA axes together explained about 70% of the variance in environmental conditions (the highest amount was reached for the 16 m 2 dimension, see Table 5 ). For the four PCAs (one for each spatial scale), the first axis was consistently positively related to the contents of N and C, soil moisture content and pH, whereas the second PCA axis showed a positive correlation with C and the C/N ratio (see Table 6 ). The observed compositional similarity was uncorrelated with environmental distance as expressed in the PCA, for both fields and the four spatial scales (Figure 3) . Similarly as for the spatial distance, in both fields the R 2 values did not increase with increasing grain size (see Table 7 ). All the analyses performed using the Bray-Curtis similarity coefficient mirrored those obtained for presence-absence data only. For this reason, these results are not shown here.
Discussion
For the brownfield communities analysed in this study, compositional similarity did not decay with increasing spatial or environmental distance, irrespective of the considered grain size and of the type of model applied (linear or logarithmic). Interestingly, although the gradient lengths of the DCA Table 6 . Pearson correlation coefficients between the first two PCA axes and environmental variables (measured for all sampled spatial scales). *** p<0.001 ** p<0.01 *p<0.05 Table 7 . For each plot size, the coefficient of determination (R 2 ) was calculated between the Jaccard similarity and environmental distance for all pair-wise combinations of plots, separately for the two study areas. P-values were calculated by using Mantel tests (999 runs) on the two plot-plot matrices and expressed as the proportion of lower than observed randomised regression coefficients. a b 40 Bacaro et al.
ordinations pointed out that there was a considerable compositional variation between the sampled plots, there was no systematic spatial or environmental gradient, i.e., the ordination diagrams showed a more or less random distribution of plots for all sampled grain sizes.
In the following we will discuss the different ecological processes that may result in a decrease in environmental similarity with distance, and why these processes did not act in our particular case. We will furthermore discuss the spatial scale components (i.e., grain and extent) of the distance decay patterns.
Ecological mechanisms behind the observed absence of distance decay
Both theoretical and empirical studies have shown that organisms usually show a spatial distribution pattern if essential components of their environment are patterned (Capers et al. 2010) . Exogenous factors, such as climate, soil type or solar activity, may regulate species distribution and diversity patterns at the global scale based on spatial autocorrelation, related to a similar occurrence probability in neighbouring sites, simply because the external factors show a specific autocorrelation pattern (Dormann 2006) . At a finer spatial scale, biotic and abiotic processes may further cause a structuring within smaller areas of relative environmental homogeneity or heterogeneity, provoking a small-scale niche limitation (Legendre 1993 , Chiarucci et al. 2001 , Wagner 2003 . Thus, species may appear and disappear along a compositional gradient (Wagner 2003, Bacaro and at several spatial scales, creating patterns of beta-diversity. From another point of view, the "species-sorting paradigm" (see Leibold et al. 2004 for models related to meta-communities) predicts that, when local patches are environmentally heterogeneous and the outcome of local species interactions depends on aspects of the abiotic environment, the resulting meta-community is characterized by niche separation where different species are able to occupy exclusive habitat types.
The absence of distance decay here observed indicates that the above mentioned mechanisms do not apply on the fine spatial scale we analysed . The reason for this is probably that the abiotic environment of the brownfields is relatively homogeneous, without systematic gradients in habitat conditions across the sites. As already pointed out, there appears to be a random variation in the spatial patterns of both the measured environmental variables and plant community composition, and the two patterns are not correlated. Moreover, there are no spatial barriers of any kind that would prevent movements of species or genes and thereby create isolation effects.
A second important element able to shape the distance decay relationship is the species-specific dispersion ability. Nekola and White (1999) first noted that the mode of dispersion influences distance-decay slopes, with more vagile communities displaying a shallower decay. Studies carried out on plant communities dominated by generalists (i.e., having a high dispersal capability and large niche breadth) showed low values of beta diversity even at large spatial scales. For example, in forests in Wisconsin, an increased similarity among plant communities was substantially related with an increasing spread of broad habitat range species (Rogers et al. 2008) . Similarly, Naaf and Wulf (2010) demonstrated that losses and gains of habitat specialists in European temperate forests can drive biotic homogenization. The proportion of variation in community composition that is related to environmental conditions is expected to be higher among organisms that are not limited by dispersal. In this sense, dispersal is important because it allows compositional changes to track changes in local environmental conditions (Leibold et al. ). The annual pioneer species and ruderal herbs dominating the communities in our study represent species with a large dispersal ability. Thus, on the fine spatial scale considered, there is only a low habitat-and dispersal-related structuring of the community, which explains the absence of any relationship between compositional similarity and environmental or spatial distance.
Lack of grain size effects
Components of spatial scale (such as grain and extent) are expected to influence the slope of the decay of compositional similarity (see, for example Nekola and White 1999 , Steinitz et al. 2006 , Soininen et al. 2007a ). The effect of both grain and extent in the decay of species similarity was extensively explored: with respect to grain size, Nekola and White (1999) and Steinitz et al. (2006) demonstrated an increase in the distance decay when grain size increased. In fact, smaller sampling units "will have only a subset of the possible species and will contain identical species lists only a portion of the time" (Nekola and White 1999) . Moreover, smaller sampling units can exhibit (by chance) either higher or lower similarity than the effective similarity occurring at larger spatial scales, thus introducing a type of stochastic noise. This last effect can clearly explain the distribution of plots in the DCA ordinations.
Thus, using a lower grain size generally leads to a higher noise in the sampled data as shown by Nekola and White (1999) and Nekola and Brown (2007) for plant communities. Steinitz et al. (2006) related the distribution patterns of snail species and rainfall variation among plots at different grain sizes, and found that data obtained for smaller grain sizes showed a weaker correlation between species similarity and rainfall distance, and that an increase in grain size averages the local stochastic variation in species composition. In other words, small quadrat size means few individuals are sampled and the chance of finding the same species in two small quadrats, regardless of the distance between them, is completely random (this results in a lack of trend in the Jaccard similarity for each distance class considered). However, Soininen et al. (2007a) performed a meta-analysis on the matter and did not come to a firm conclusion on the effect of grain size on distance decay because "most of the studies included [in the meta-analysis] do not show detailed information on the grain of the study". Another factor related to grain is represented by the finest grain to be used in order to describe the biological characteristics of the analysed plant community: in fact, if the finest grain size used to explore the structural characteristic of the community overpass the dimension where the maximum heterogeneity generally occurs, a lack of spatial structure could be probably expected. For the studied area, heterogeneity in environmental conditions is weak, and if there is some, it could be created by the plants, meaning that it would only be measured on a smaller spatial scale than examined in our study.
With respect to extent, Chiarucci et al. (2009) using rarefaction techniques, recently demonstrated that the extent studied is one of the major drivers of both species richness and compositional turnover across wide areas. From a general point of view, most of the papers on that topic aimed at testing distance decay (or compositional turnover) at global spatial scales, covering European urban floras (La Sorte et al. 2008) , fern and vascular plant communities in Amazonian rainforests (Tuomisto et al. 2003a,b) , or birds, mammals, and trees over US ecoregions (McDonald et al. 2005) . Some studies show that, on a small spatial extent, distance decay does not apply in all habitat types. For example, Palmer and White (1994) demonstrated that extent has practically no effect on the decay of similarity for grain sizes <4 m 2 (while a positive effect was observed at larger spatial scales); in this sense, a clear interaction exists between grain and extent in determining pattern of distance decay.
Conclusion
Ecological communities are subject to both habitat variability and to local stochastic or non-equilibrium dynamics, and the distance-decay relationship reflects how these elements are spatially structured. Understanding how patterns in the distribution and abundance of species influence the shape of distance-decay is necessary in order to interpret this relationship (Morlon et al. 2008 ). The present paper represents one of the first attempts to test the concept by explicitly looking at compositional and environmental turnover at small spatial grain and extent.
